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Cell-to-cell spreadThe P150 and P90 replicase proteins of rubella virus (RUBV), a plus-strand RNA Togavirus, produce a unique
cytoplasmic ﬁber network resembling microtubules. Pharmacological and mutagenic approaches were used to
determine if these ﬁbers functioned in virus replication. The pharmacological approach revealed that
microtubules were required for ﬁber formation, but neither was necessary for virus replication. Through the
mutagenic approach itwas found thatα-helices near both termini of P150were necessary for ﬁber assembly and
infectivity, but ﬁber formation and viability could not be correlated becausemost of thesemutationswere lethal.
TheN-terminalα-helix of P150affectedbothproteolytic processingof P150 andP90 fromtheP200precursor and
targeting of P200, possibly through directing conformational folding of P200. Finally, we made the unexpected
discovery that RUBV genomes can spread from cell-to-cell without virus particles, a process thatwe hypothesize
utilizes RUBV-induced cytoplasmic projections containing ﬁbers and replication complexes.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
A unique and remarkable property of rubella virus (RUBV), a
positive-strand RNA virus belonging to the family Togaviridae and the
sole member of the rubivirus genus, is the ability of its replicase
proteins to form a ﬁbrous network in the cytoplasm of infected cells
(Forng and Frey, 1995; Kujala et al., 1999). RUBV is a simple virus with
a genome RNA of 10 kb containing two ORFs. RUBV encodes two
nonstructural replicase proteins, P150 and P90, of which P150
contains methyl/guanylyl-transferase (capping) activity and P90
contains a helicase and the RNA-dependent-RNA polymerase (Frey,
1994). P150 and P90 are translated from the 5' ORF on the input virion
genome RNA as a precursor, P200. P150 and P90 are situated within
the precursor in the order N-P150-P90-C and an embedded protease
at the C terminus of P150 mediates processing of the precursor into
the mature products (Forng and Frey, 1995). P200 and a P150/P90
complex are thought to catalyze the synthesis of a genome-length
negative strand RNA and two positive-strand RNAs, respectively
(Liang and Gillam, 2001). The ﬁrst positive-strand RNA is the genome
RNA and the second is a subgenomic RNA composed of sequences
from the 3’ end of the genome RNA from which the 3' ORF encoding
the three virion structural proteins is translated (Frey, 1994). Virus
RNA synthesis occurs in membrane-bound spherules associated with
the cytoplasmic membrane and membranes of endocytic vacuoles,
including late endosomes and lysosomes (Gorchakov et al., 2008;Magliano et al., 1998). Early in infection, the replicase proteins form a
focal cytoplasmic pattern, while late in infection the ﬁbrous network
appears (Kujala et al., 1999; Matthews et al., 2009). Previous work
showed that P150 forms ﬁbers by itself, but if P90 is present it joins
the ﬁbers. Both the N- and C-terminal regions of P150 are required for
ﬁber formation (Matthews et al., 2009). The function of the ﬁbers in
virus replication is unknown; however, they are labeled by Br-UTP
suggesting that they may be additional sites for virus RNA synthesis.
The ﬁbers formed by the RUBV replicase proteins are reminiscent
of the cytoskeletal microtubule network. This network plays an
important role in the movement of materials and organelles around
the cytoplasm and, not surprisingly, numerous types of viruses
require microtubules for their replication (Bhat and Anderson, 2007;
Boyko et al., 2007; Carter et al., 2003; Jouvenet et al., 2004; Leopold
and Crystal, 2007). Microtubules are protein polymers consisting of
two subunits, α- and β-tubulin, that are assembled as dimers held in
one orientation, giving the microtubules a polarity at both ends, and
termed “plus” or “minus.” Each microtubule is approximately 25 nm
in diameter and can range in length from a few hundred nm to several
hundred μm (Akhmanova and Hoogenraad, 2005; Palmer et al., 2005).
Microtubules undergo dynamic instability such that rapid elongation
and shortening of tubules takes place, often simultaneously, to handle
the constant ﬂux of cellular cargo (Alberti, 2009; Amos and Schlieper,
2005; Sawin, 2004). These dynamics are controlled by a group of
microtubule-associated proteins (MAPs), of which there are many,
depending on cell type and function (Bhat and Setaluri, 2007; Marx
et al., 2006). The nucleation point for microtubules is the microtubule
organizing center or MTOC (often referred to as the centrosome) that
is composed of a variety proteins including γ-tubulin, centrin, and
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Rizzolo and Joshi, 1993). It is at the MTOC that microtubules are
anchored by their minus-ends, while elongation away from the MTOC
occurs at the plus-ends. It has been documented that African
swine fever virus (ASFV) assembles its viral factories adjacent to the
MTOC in compartments known as aggresomes (Corboy et al., 2005;
Wileman, 2007). These structures, characterized by an aggregation of
vimentin that traps the aggresomal contents within a so-called
vimentin-cage (Wang et al., 2009), facilitate the accumulation and
degradation of misfolded or unused proteins before being transferred
to the proteosome for degradation (Corboy et al., 2005). Although
aggresomes have yet to be documented in cells infected by an RNA
virus, it stands to reason that with the excess of proteins produced by
these viruses during infection, particularly replicase components
(Quinkert et al., 2005), that the formation of these structures would
be induced.
The goal of this study was to determine the role of the replicase
protein ﬁbers in RUBV replication using a two-pronged approach; one
pharmacological and the other mutagenic. First, we tested the
hypothesis that microtubules are important in ﬁber formation by
disrupting microtubule structure and function with anti-microtubule
drugs. The concomitant effect of these drugs on ﬁber formation was
determined and correlated with their effect on virus replication. This
approach revealed that intact microtubules are necessary for ﬁber
formation, but that blocking ﬁber formation during infection had little
effect on virus replication and thus are not necessary for virus
replication. The second mutagenic approach was based on results
from our previous study (Matthews et al., 2009) showing that both
the N- and C-terminal regions of P150 are necessary to form ﬁbers.We
tested the hypothesis that predicted long α-helices within these
domains, by mediating protein–protein interactions, are important in
ﬁber formation by disrupting these helices using site-directed
mutagenesis. Some mutations in these helices abrogated ﬁber
formation and some were lethal to the virus, but there was no
consistent correlation between ﬁbers and viability. Additionally, some
mutations had pleiotropic effects on other functions, such as the NS
protease, critical to virus replication. Thus, based on our mutagenic
studies, it could not be concluded that ﬁber formation was necessary
for infectivity. However, it was discovered that the N-terminal helix
functioned in both processing and targeting of P200 even though it is
on the opposite end of P150 from the NS protease. In the course of this
study, we made a surprising ﬁnding that suggests the ﬁbers may be
involved in cell-to-cell spread of the virus RNA in the absence of virus
particle formation.
Results
RUBV ﬁbers form in association with the microtubule organizing center
and aggresomes
In Fig. 1A is a diagram of the constructs used in this study. Herein,
this study introduces a new version of the Robo502 cDNA infectious
clone, Robo502/P150-GFP, in which a GFP tag was inserted into P150
in the Q domain. We have published that RUBV C protein rescues
infectious cDNA constructs with perturbations in this region of P150
(Tzeng and Frey, 2009; Tzeng et al., 2006) and Robo502/P150-GFP is
viable because C is produced from its SG-ORF.
Our ﬁrst approach to determining whether ﬁbers are necessary for
RUBV replication was to test the hypothesis that the ﬁbers form in
association with the microtubule network. The micrograph in Fig. 1B,
panels a–c, shows microtubules (stained red with anti-α-tubulin
antibody) and P150 (green from the GFP tag) in a representative cell
in a Robo502/P150-GFP-infected culture. Overlap between the two
signals is apparent, but not complete. Of interest is the greater
intensity of the microtubule signal on the outer edges of the infected
cell as compared to the adjacent uninfected cells, possibly due tobundling of the microtubules in these peripheral domains of the
infected cell. Also of note is the colocalization of the two signals at a
perinuclear focus (pointed to by an arrow in the merged image in
panel a) that might be the microtubule organizing center (MTOC). In
panel d Robo502/P150-GFP infected cells stained red with anti-γ-
tubulin antibody to delineate the MTOC are shown. The ﬁbers appear
to make contacts with the MTOC, suggesting that they may originate
from this organelle.
When expressed from a plasmid, CMV/P150-GFP, P150 forms a
large perinuclear focus (in ~40% of the transfected cells) or a ﬁber
network (in ~60% of the transfected cells). In Fig. 1C, micrographs of
cells transfected with CMV/P150-GFP are shown, a plasmid that
expresses GFP-tagged P150 (see diagram in A) that were stained with
anti-γ-tubulin (red). As shown in panel a, the perinuclear focus is
adjacent to the MTOC and in one cell it appears to have made contact
with the MTOC through a single ﬁber. In panel b, P150 ﬁbers converge
on a cellular region directly overlapping the MTOC (the inset in this
image shows the γ-tubulin signal with the GFP signal removed).
The large accumulation of plasmid-expressed P150 in the peri-
nuclear region suggested that it had localized to aggresomes.
Vimentin antibodies were used in conjunction with the GFP signal
from P150 to determine if the accumulation was within a vimentin
“cage”. Fig. 2A, panels a–d, shows that the P150 foci had formed
within an apparent vimentin “cage”; however, in cells with develop-
ing ﬁbers, the vimentin signal was diminished, suggesting that the
cage had dissociated as the ﬁber network formed (panels a and b).
Cells with extensive ﬁber networks had very little detectable vimentin
(a representative cell is shown in panel b, top).
To ascertain the formation of aggresomes during RUBV infection,
Vero cells infected with Robo502/P150-GFP were stained at 48 h
post-infection for vimentin. Aggresome-like structures were not
abundant in the infected culture, being apparent in ~10% of the
infected cells (Fig. 2B shows a large aggresome with ﬁbers emanating
from it in an infected cell). This suggests that aggresome formation
was associated with overexpression of P150 in the absence of other
viral proteins.
Effect of anti-microtubule drugs on ﬁbers and virus titers
To test the hypothesis that microtubules are necessary for ﬁber
formation, cells were treated with microtubule disrupting agents
during plasmid-directed P150-GFP expression: (i) colchicine, a
microtubule depolymerizer, (ii) noscapine, an inhibitor of microtu-
bule dynamics, and (iii) paclitaxel, a microtubule stabilizer. Fig. 3A
shows the appearance of ﬁbers when P150 was expressed in the
absence of drugs (panel a) or the presence of colchicine (panel b),
noscapine (panel d) or paclitaxel (panel e). In the presence of 1 μM
colchicine the microtubules (stained with anti-α-tubulin antibody) in
all of the cells were depolymerized and the ﬁbers were uniformly
disrupted into short thick fragments. In the presence of noscapine or
paclitaxel, microtubules and ﬁbers were intact.
The effect of these drugs on ﬁbers in RUBV-infected cells was also
examined. Vero cells were infected with Robo502/P150-GFP and
subjected to treatment with colchicines, noscapine, or paclitaxel from
24 to 48 h post-infection followed by examination by ﬂuorescence
microscopy. Fig. 3B shows that, consistent with the results with
expressed P150, colchicine (panel b), but not noscapine (panel c) nor
paclitaxel (panel d), inhibited ﬁber assembly during infection. Thus,
ﬁbers cannot form in the absence of polymerized microtubules.
To determine the effect of these microtubule destabilizing agents
on RUBV replication, cultures of Vero cells infected with Robo502/
P150-HA were treated with each of the drugs from 4 to 24 h post-
infection (before ﬁbers are observed) or 24–48 h post-infection
(when ﬁbers are present). Early infection was not adversely affected
by any of the drugs and in fact modest increases in virus replication
were observed (Fig. 3C, 24 hpi). Late infection was not affected by
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(Fig. 3C, 48 hpi). To rule out the possibility that toxic off-target effects
of colchicine were the cause of the reduction in virus titers, a less toxic
microtubule destabilizing drug, vinblastine, was included in these
experiments. As shown in Fig. 3A, panel b), vinblastine disrupted both
microtubules and ﬁbers in cells transfected with a plasmid expressing
P150-GFP, similar to the effect of colchicine. Vinblastine proved to
reduce the virus titer by only 7% during the 4–24 h post-infection
window and lowered it by approximately 15% between 24 and 48 h
post-infection (data not shown). Thus, inhibiting ﬁbers by depoly-
merizing the microtubules did not drastically reduce virus replication.
The effects of proline-insertion mutagenesis of predicted α-helices in
P150 on ﬁbers and infectivity
The second approach to determining the function of P150 ﬁbers
during infection was to study the effect mutations that disrupted ﬁber
assembly had on virus replication. In our earlier study, we found that
the N-terminal 100 and C-terminal 500 aa of P150 were necessary for
ﬁber formation, implying a head-to-tail interaction between P150
monomers within the ﬁbers (Matthews et al., 2009). The Garnier
algorithm (Garnier et al., 1996) provided by ExPASy predicted three
lengthy α-helices (between aa 36–49, 1152–1166, and 1184–1202)
resides within these regions that might mediate this interaction (see
Fig. 1A). Mutagenesis of CMV/P150-GFP was performed to insert an
in-frame proline into each of these α-helices individually (Fig. 1A; in
each case, none of the residues in the α-helix was deleted). Each
proline insert was predicted to eliminate theα-helical structure of the
four aa upstream of the inserted proline residue (Garnier et al., 1996).
Fig. 4A, panel a, shows expressed wild-type P150-GFP with a
perinuclear focus that appears to connect to the MTOC by a single
ﬁber in one cell, and a ﬁber network in an adjacent cell. Panels b–d
show the effect of each proline insertion mutation on ﬁber assembly.
Insertion of a proline residue in the predicted N-terminal α-helix
(mutant P1a) had little effect on perinuclear foci (not shown) or ﬁber
formation (panel b) with 95% of the ﬁbers having wild-type
characteristics in regard to shape and length. However, small
spherical aggregates of P150 could be seen along the ﬁbers (yellow
arrow), something that was not apparent on the wild-type ﬁbers.
However, this was only observable in approximately 5–10% of the
cells. In contrast, the proline disruption of each of the two C-terminal
helices (mutations P2 and P3, respectively) caused complete
inhibition of ﬁber assembly (P2 in panel c, P3 in panel d). P150-
GFP-P2 and -P3 exhibited a similar distribution of foci throughout the
cytoplasm, but only a select few colocalized with the MTOC. Thus, the
C-terminal domain seemed to play a role in targeting P150 near the
MTOC.
Proline insertion mutagenesis of the N-terminal α-helix of P150
did not disrupt ﬁbers; however, insertion of a second proline residue
two aa upstream of the ﬁrst proline, called P1b, (Fig. 1A) had a major
impact on ﬁber assembly. Only a small fraction (~10%) of cells
transfected with CMV/P150-GFP-P1b had recognizable ﬁbers (Fig. 4B,
panel a). Panels b and c show the other two phenotypes observed for
the P1b mutant. Many of the P1b-transfected cells (~35%) exhibited
large perinuclear foci adjacent to the MTOC (panel b) or smaller fociFig. 1. Association of P150 and ﬁbers with microtubules (MT) and the microtubule organizi
three are infectious cDNA constructs, one virus (Robo502/P150-GFP) and two replicons used
nonstructural ORF followed by GFP or a C-GFP fusion, respectively, that are followed by an
denoted by boxes and untranslated regions by lines. In the bottom four constructs, GFP-tagg
GFP). The N- and C-terminal regions previously shown necessary for ﬁber formation are de
have proline insertions within the predictedα-helices. (B) Robo502/P150-GFP-infected cells
stained with rabbit anti-α-tubulin and anti-rabbit TRITC-conjugate antibodies (red); the put
(P150) and c (microtubules). In panel d staining was done with rabbit anti-γ-tubulin and
stained blue with Hoechst 33342. (C) CMV/P150-GFP transfected cells at 24 h post-transfecti
(red), which are denoted with arrows. The inset in panel b shows the γ-tubulin signal in the
represent 10 μm.distributed throughout the cytoplasm (~55%), one of which in panel c
has colocalized with the MTOC. Therefore, the predicted N-terminal
α-helix was involved in ﬁber formation.
When the four proline insertion mutations were inserted into the
infectious cDNA clone, all four were found to be lethal. Although P1b,
P2 and P3 inhibited P150 ﬁbers, the lethality of the mutations could
have been due to other effects on virus replication and thus we further
characterized the phenotype of these mutations using plasmid-
expressed P200. As shown in Fig. 4C, the P2 and P3 mutations
inhibited protease function. This was not a surprising result
considering that these mutations are within the protease domain.
Unexpectedly, the P1a mutation, despite being distant from the
protease domain, signiﬁcantly decreased processing. The band of
slightly higher molecular weight than P150 in the lanes for P2 or P3 in
the absence of P90 suggested that premature termination had
occurred during translation of the mutant mRNAs. Fluorescence
microscopy showed that the P2 and P3 mutants formed cytoplasmic
foci similar to a P200 construct with a cleavage-site mutation (Fig. 4D;
it is to be noted that unlike wt P200, this mutant does not form ﬁbers).
This was expected as the P2 and P3 mutants failed to undergo
cleavage. In contrast, the P1a mutant had a nonspeciﬁc localization
pattern throughout the cytoplasm (D, panel b).
Effect of alanine scanning mutagenesis of the N-terminal α-helix on ﬁber
formation and infectivity
To create a series of softer mutations less likely to abrogate
infectivity, alanine substitution mutagenesis was performed on the N-
terminal α-helix because it resided outside of the protease domain. A
helical wheel projection of the predicted α-helix is shown in Fig. 5A.
All of the charged residuesweremutated to alanine and in addition, so
too were each of the residues in the R38-T42-Q45-I49 cluster (Fig. 5A
and B). When introduced into the CMV/P150-GFP construct, E36A,
K46A and I49A disrupted ﬁber formation (Fig. 5C) while the other
mutations did not. In CMV/P200-GFP, the E36A and I49Amutants also
failed to produce ﬁbers (Fig. 5D); in this construct, the K46A mutant
formed ﬁbers. The localization of CMV/P200-E36A and -I49A was the
same as observed for the P1a and P1b mutants of P200, i.e. diffusely
distributed throughout the cytoplasm. Of this series of mutant P200s,
only the E36A and I49A decreased the efﬁciency of proteolytic
processing (Fig. 5E). When introduced into the Robo502 infectious
cDNA clone, the T42A and Q45Amutants (both of which were capable
of forming ﬁbers) were viable while the E36A and I49A (no ﬁbers),
K46A (no ﬁbers with P150, ﬁbers with P90), and R38A, D39A and
R47A (ﬁbers) were not viable. Thus, there was no correlation between
ﬁber formation and viability.
Interaction of wild-type and mutant P150s
Because both N- and C-terminal deletions of P150 disrupt ﬁber
formation, it was our model that the ﬁbers are formed by a head-to-
tail interaction of P150 monomers (Matthews et al., 2009). As another
means of testing the importance of ﬁber formation in virus replication,
it was of interest to determine whether the N- and C-terminal
mutations in P150 would have a dominant-negative phenotype overng center (MTOC). (A) Diagrams for some of the constructs used in this study. The top
to make the cell lines IN-IN and 925-IN. The replicons, rIN-IN and r925-IN, contain the
IRES element controlling the neomycin resistance gene. In these diagrams, ORFs are
ed P150 is expressed from a plasmid under control of the CMV promoter (CMV/P150-
noted in the wild-type (top) construct. The bottom four constructs (P1a/b, P2, and P3)
at 48 h post-infection. Panel a shows P150 in green due to the GFP tag andmicrotubules
ative MTOC is denoted with an arrow. Separated images of panel a are shown in panels b
anti-rabbit TRITC-conjugate (red) to detect the MTOC (denoted by arrows). Nuclei are
on. As above, P150 is green while theMTOCwere stained with anti-γ-tubulin antibodies
absence of the GFP signal. Nuclei are stained blue with Hoechst 33342. The white bars
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Fig. 2. Aggresome formation during plasmid-driven P150 expression and RUBV infection. (A) Vero cells were transfected with the CMV/P150-GFP and stained with mouse anti-
vimentin antibody and anti-mouse TRITC-conjugate at 24 h post-transfection. Panels a–d show different stages and morphologies of aggresome development and dissociation.
Nuclei are stained blue with Hoechst 33342. (B) Vero cells at 48 h post-infection with Robo502/P150-GFP and stained for vimentin as in A. Inset shows vimentin stain in the absence
of the GFP signal. In both A and B, P150 is green due to GFP and vimentin is stained red. Bars represent 10 μm.
Fig. 3 Effect of microtubule drugs on ﬁber formation and RUBV replication. (A) Vero cells were transfected with the CMV/P150-GFP. At 4 h post-transfection, the media was
removed and replaced with media containing no drug (panel a), 1 μM colchicine (panel b), 1 μM vinblastine (panel c), 2.5 μM noscapine (panel d), or 7 nM paclitaxel (panel e). At
24 h post-transfection, the cells were processed for immunoﬂuorescence microscopy. P150 is green due to the GFP tag while the microtubules were visualized with rabbit anti-α-
tubulin and anti-rabbit TRITC-conjugate antibodies (red). The nuclei were stained blue with Hoechst 33342 stain. The white bars represent 10 μm. (B) Vero cells infected with
Robo502/P150-GFP at an multiplicity of infection of 1 pfu/cell were not treated (NT) or treated with 1 μM colchicine, 2.5 μM noscapine, or 7 nM paclitaxel from 24 to 48 h post-
infection and then processed and visualized by ﬂuorescence microscopy as in panel A. Hoechst 33342 was used to stain nuclei blue. Bars represent 10 μm. (C) As outlined in the
diagram on the right, Vero cells were infected with Robo502/P150-HA at a multiplicity of infection of 1 pfu/cell and at 4 or 24 h post-infection, the media was removed and
replenished with media containing no drug or 10 μM colchicine, 25 μM noscapine, or 70 nM paclitaxel. At 24 and 48 h post-infection, respectively, the media were collected and the
virus titer determined by plaque assay. Thus, the windows during which virus production was measured were 4–24 hpi and 24–48 hpi. These experiments were repeated at least
twice and the error bars represent the standard error of the mean.
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co-transfected with two independent plasmids expressing 1). P150-
HA and 2). wt-, P1b-, P2-, or P3 P150-GFP. As shown in Fig. 6A,immunoprecipitation with α-HA antibody co-precipitated both the
wt and mutant P150's, demonstrating interactions between HA- and
GFP-tagged P150 were not disrupted by the individual proline
Fig. 3 (continued).
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GFP-tagged, P mutant P150's were present in ﬁbers when co-
expressed with wt P150-HA (Fig. 6B, panels b, d and f; panels a, c
and e show expression in the absence of P150-HA). These data were
contrary to our expectations and indicated that while the N- and C-
terminal domains were necessary for ﬁber formation, other interac-
tions allowed P150 to join in ﬁbers. Thus, it was not possible to use the
expressed mutant P150's as dominant negatives to abrogate ﬁber
formation in RUBV-infected cells as a test of the necessity of ﬁbers in
virus replication.
Cell projections and cell-to-cell movement in the absence of virus
particle formation
During the course of our investigations, we routinely found RUBV-
infected cells that exhibited long, dendrite-like, projections that
appeared to make contacts with neighboring cells. As shown in
Fig. 7A, these long extensions contained both P150 ﬁbers (GFP signal)
and foci of dsRNA (stained in blue with anti-dsRNA antibody) similar
in size to RCs. Noscapine and paclitaxel-treated infected cells alsoFig. 4 Proline insertion mutagenesis of predicted α-helices within P150. Vero cells were tran
P3 (panel d) (see Fig. 1A) were processed for immunoﬂuorescence analysis 24 h post-transf
tubulin and anti-rabbit TRITC-conjugate antibodies (red) to detect MTOCs and Hoechst 3334
ﬁber. The inset in this panel shows MTOC staining in the absence of the GFP signal. (B) Ve
similarly as in panel A. Three distinct phenotypes were observed for this mutant: panel a sho
panel c shows multiple cytoplasmic foci of P150, with one overlapping the MTOC. The i
transfected with plasmid-driven P200 constructs (CMV/P200) expressing wild-type P200
Western blotting at 24 h post-transfection. P200 and P150 were detected with rabbit anti-G
substrate for color development. P90 was similarly detected using rabbit GU10 antibodies (
mutation) (panels a–e, respectively) were each expressed in Vero cells and then visualized
nuclei blue. Bars represent 10 μm.exhibited multiple cell projections containing P150 ﬁbers (Fig. 3B).
However, the ﬁbers were absent in the colchicine-treated, RUBV-
infected cells and most of P150 was in aggregated foci within the
cytoplasm. This suggests that either microtubules, P150 ﬁbers, or both
were important in generation of these projections.
In the micrograph in Fig. 7A, the bright green (from P150-GFP)
RUBV-infected cell has extended a projection containing both P150-
GFP and dsRNA foci (blue) that appears to have made contact with an
adjacent cell at the bottom of the image. It is noteworthy that this
adjacent cell did not stain positive for dsRNA but was faintly green.
This suggests that either P150-GFP had “leaked” from the infected cell
to the next, or as hypothesized herein, that viral genomes had been
transported into the “recipient” cell and underwent at least
translation, if not replication. Previous work by Claus et al. (2007)
tracked the movement of a C-E1 fusion protein made by a RUBV DI
RNA from donor to recipient cells. These results were conﬁrmed using
cells transfected with a replicon expressing GFP from its subgenomic
RNA (note: the GFP is only expressed as a result of replicon RNA
replication and subgenomic RNA synthesis and thus provides a
suitable marker for detecting replicating replicon RNAs in thesfected with CMV/P150-GFP (panel a) and its mutants P1a (panel b), P2 (panel c) and
ection. P150 is green due to the GFP tag while the cells were stained with rabbit anti-γ-
2 to visualize nuclei (blue). An arrow in panel b points to a spherical P150 focus along a
ro cells were transfected with CMV/P150-GFP with the P1b mutation were processed
ws altered ﬁbers, panel b shows a characteristic P150 aggregate next to the MTOC, and
nsets in panels b and c show the MTOC without the GFP signal. (C) Lysates of cells
or P200 with one of the proline insertion mutations, P1a, P2 or P3, were analyzed by
FP and goat anti-rabbit alkaline phosphatase-conjugated antibodies with NBT/BCIP as a
Forng and Frey, 1995) D. CMV-P200 or its mutants P1b, P2, P3, and P200* (cleavage site
by ﬂuorescence microscopy at 24 h post-transfection. Hoechst 33342 was used to stain
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Fig. 4 (continued).
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constitutively expressing red ﬂuorescent protein from a plasmid
(RFP-Vero). Evidence of cell-to-cell spread was indicated by the
appearance of green-red cells in the co-culture (Fig. 7B). Since cell-to-
cell movement of a protein (GFP, 30 kDa, or the C-GFP-E1 fusion
expressed by the RUBV DI, 110 kDa) does not occur by diffusion, these
results suggest that the replicon and DI RNAs, respectively, were
transmitted from cell-to-cell and that these proteins were synthesized
subsequent to new RNA replication in the recipient cells. To conﬁrm
that cell-to-cell movement of the replicon RNA does indeed occur, a
co-culture assay was developed using RFP-Vero cells, which are
hygromycin B resistant, and two stably transfected replicon cell lines,
IN-IN and 925-IN that are described in (Fontana et al., 2007). These
Vero cell cultures harbor replicons that express a neomycin resistance
gene and either GFP or a C-GFP fusion protein (see Fig. 1A for replicon
diagrams). The purpose for using r925-IN was because it expresses
the capsid protein which could hypothetically form nucleocapsids
with the viral genome and possibly enhance genome transmission
from cell-to-cell. After 3 days of co-culture of IN-IN or 925-IN with
RFP-Vero in the absence of antibiotics, the cells were split into two
larger cultures withmedia containing both G418 and hygromycin B to
select for RFP-Vero cells that had received the replicon and thus were
resistant to both drugs. Plates were stained after dual drug selection to
determine the number of dual drug resistant colonies that were
generated (Fig. 7C). On average about 10 colonies were generated
from the IN-IN/RFP-Vero co-culture and 90 colonies from the 925-IN/
RFP-Vero co-culture. This is a transfer frequency of around 1 event per
104 (925-IN) to 1 event per 105 (IN-IN) cells given that 1×106
replicon stable cells were plated in each co-culture. Clonally expanded
colonies generated during dual drug selection were also selected.
Fig. 7D is a micrograph of cells from one such representative colony
showing that the cells expressed GFP and RFP in addition to being
dually drug resistant. Cells from the IN-IN/RFP-Vero cultures and the
RFP-Vero cell line were stained with dsRNA antibody to demonstrate
active replicon RNA synthesis in the recipient cells (Fig. 7E). As shown,
only the recipient RFP-Vero cells (IN-IN/RFP-Vero) contain dsRNA
foci. Collectively, these experiments prove our hypothesis that
replicon genomes are transmitted from cell-to-cell with subsequent
replication in the absence of virus particle formation.
Discussion
The ﬁbers formed by the replicase proteins of RUBV are unique and
the goal of this study was to determine their importance in RUBVreplication. To this end, two approaches were taken, one pharmaco-
logical and the other mutagenic with the conclusion that the ﬁbers do
not appear to be necessary for RUBV replication. However, the
unexpected ﬁnding was made that the ﬁbers might play a role in the
transport of viral genomes from cell to cell without the use of an
intermediary virus particle. In a second unexpected ﬁnding, an α-
helix between aa 36 and 49 of P150 was shown to inﬂuence the
targeting and processing of P200.
The pharmacological approach was used to test the hypothesis
that microtubules are involved in RUBV ﬁber formation, which was
based on the resemblance of the ﬁbers to the microtubule network
and the partial overlap of the two. The disruption of ﬁber formation in
the presence of colchicine or vinblastine showed that microtubules
are necessary for ﬁber assembly. It was also apparent from the data
that microtubule dynamics were not necessary for ﬁber assembly
since paclitaxel, which stabilizes microtubules, or noscapine, which
inhibits microtubule dynamics, did not affect ﬁber formation. This
indicates that microtubule motor proteins are not required for ﬁber
assembly, and based on this and the P150–P150 co-immunoprecip-
itation studies, we hypothesize that P150 has the propensity to
polymerize to form ﬁbers, but requires the microtubule strands to
guide the formation of the long ﬁlamentous network observable in
late-stage RUBV infection.
None of the four anti-microtubule drugs had an appreciable effect
on RUBV replication when applied during the ﬁrst 24 hours post-
infection (when P150 ﬁbers were not present). When applied from 24
to 48 hpi (when ﬁbers are present), vinblastine and colchicine had a
modest (15–25% respectively) inhibition on RUBV replication while
paclitaxel and noscapine had no effect. Thus, the current data indicate
that microtubules and ﬁbers are not necessary for RUBV replication.
The ﬁnding that microtubule inhibitory drugs have no or only a
modest effect on virus replication runs counter to the idea that some
viruses use the microtubule system (Bhat and Anderson, 2007; Boyko
et al., 2007; Carter et al., 2003; Jouvenet et al., 2004; Leopold and
Crystal, 2007), although a review of the literature reveals that
relatively few studies on this subject have been done. A recent
study shows, however, that Semliki Forest virus can replicate in the
presence of nocadozole (Spuul et al., 2010), a microtubule depoly-
merizing agent, supporting the notion that Togaviruses do not require
microtubules for virus replication.
The RUBV ﬁber network appeared to emanate from theMTOC both
in infected cells and in cells transfected with a plasmid expressing
P150. In the latter, large foci of P150 near the MTOC were prominent
and in some cases made contact with the MTOC through a ﬁber. This
Fig. 5. Alanine scanning mutation of P150 N-terminal α-helix. (A) Helical wheel projection of aa 36–49 of P150 using wheel.pl software. Color code: red, hydrophilic; light green,
hydrophobic; grey, charged; yellow-orange, slightly hydrophobic. (B) Alanine substitutions (in red) of aa residues in the predicted α-helix. (C and D) Fluorescence microscopy of
cells transfected with CMV/P150 or CMV/P200 constructs, respectively, expressing the individual alanine substitution mutations. (E) Western blotting of lysates of cells transfected
with CMV/P200 or its mutants PM (protease catalytic site mutation) or the individual alanine substitutions, using rabbit GFP (top blot) or GU10 (bottom blot) antibodies. Analyses in
C, D, and E were done at 24 h post-transfection.
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222 J.D. Matthews et al. / Virology 406 (2010) 212–227led us to investigate if the P150 foci were contained within
aggresomes, cellular repositories for misfolded proteins that form in
proximity to the MTOC. The data from the current study showed that
most of these large foci were within vimentin-cages, a characteristic
of aggresomes. It has been postulated that some viruses have evolved
to use aggresomes to accumulate viral and cellular components
necessary for replication complex assembly (Heath et al., 2001; Liu
et al., 2005; Wileman, 2007). While this was shown to be true for the
DNA virus that causes African swine fever (ASFV) (Wileman, 2007),
the use of aggresomes by RNA viruses has not previously been
documented. While plasmid-expressed P150 accumulation in appar-
ent aggresomes occurs in over half of the transfected cells,
aggresomes were in low abundance in RUBV-infected cells and were
only present in cells that also exhibited ﬁbers. The low abundance of
aggresomes in infected cells indicates that aggresome production in
cells plasmid-expressing P150 was likely a consequence of inappro-
priate over-expression by the plasmid-based system. On the other
hand, other RUBV proteins might down-regulate aggresome forma-
tion, thus explaining higher numbers of aggresomes in cells only
expressing P150.
Fibers are a late stage phenomenon during RUBV infection and
their formation is likely dependent on the accumulation of the
replicase proteins to threshold levels where upon ﬁbers assemble. It is
possible that during early infection, orderly acquisition of a particular
conformation by P200 (that does not form ﬁbers) followed by
processing prevents ﬁber formation. However, during late infection,
accumulation of P150 (which contains the NS protease) leads to
processing in trans, freeing P150 before the “correct” conformation of
P200 is acquired, thus allowing ﬁbers to form. It is also possible thataccumulation of plasmid-expressed P150 in aggresomes reﬂects an
intermediate in ﬁber formation that is overlooked in RUBV-infected
cells. We speculate that accumulation of P150 in aggresomes leads to
a critical concentration of P150 which stimulates the ﬁber network
to form.
It is noteworthy that recently vp13, a phosphoprotein produced
fromORF3 of hepatitis E virus (HEV), a member of the Hepevirus family
that is distantly related to the Togaviruses, was found to make ﬁbers
similar in appearance to those formed by the RUBV replicase proteins
that required participation of the microtubule network, apparently
through a direct interaction with microtubules (Kannan et al., 2009).
Expression of the vp13 ﬁbers increased the levels of acetylated-α-
tubulin, indicating thatmicrotubule dynamicswere disrupted. In RUBV-
infected cells, there were no differences found in acetylated-α-tubulin
levels as compared to mock-infected controls (data not shown), and
thus there were no apparent perturbations to microtubule dynamics in
RUBV-infected cells. The inability of P150 and α-tubulin to co-
immunoprecipitate (data not shown) suggests that P150 ﬁbers are not
directly associated with microtubules, but instead may only reside
within close proximity. It is to be pointed out that the vp13 ﬁbers were
only studied in cells in which vp13 was expressed by itself, and thus
could be an artifact of the expression system. The formation of ﬁbers
during HEV infection has not been addressed.
Although replicase ﬁbers are not necessary for RUBV replication,
we discovered another potential function for the ﬁbers, namely the
formation of cell-to-cell contacts that allow passage of viral RNA from
an infected donor cell to a connected uninfected recipient cell. Cell-to-
cell movement of a C-E1 fusion protein translated from a DI RNA was
previously reported (Claus et al., 2007) and in this studymovement of
223J.D. Matthews et al. / Virology 406 (2010) 212–227a repliconwas conﬁrmed. Inmicrographs that appear to show transfer
from a donor cell to a recipient cell (Fig. 7A), dsRNA and GFP can be
seen in the donor cells and in the extension making contact, but only
GFP expression is observed in the recipient cell. We hypothesized that
viral genomes were being transferred through these cell-to-cell
contacts and thus devised an assay that proved transmission of
genetic material into recipient cells stably expressing a drug
resistance gene by way of double-drug selection (replicons expressedFig. 6. Co-expression of wt P150 with P150 containing proline insertion mutations. (A) Vero
P1a, P1b, P2 or P3 and at 24 h post-transfection lysates were made subjected to immunopr
alone (X) followed byWestern blotting probedwithmouse anti-HA or rabbit anti-GFP antibo
antibodies, respectively). (B) Vero cells were either individually transfected with CMV/P150
constructs and CMV/P150-HA (panels b, d and f, respectively). Nuclei were stained blue with
transfection. Bars represent 10 μm.a different drug resistance gene from an IRES in the subgenomic RNA).
It is possible that single-stranded RNA is the moiety being transferred
into the recipient cell along with the subgenomic RNA. Using the
replicon/double-drug selection experiments as a model, it was
estimated that the frequency of transfer of genomic RNA with
resulting establishment of replication in the recipient cell is low (1
transfer per 104 to 105 cells). Unfortunately, this assay is not amenable
to testing the role of replicase ﬁbers in transfer using treatment withcells were co-transfected with CMV/P150-HA and CMV/P150-GFP or one of its mutants
ecipitation using anti-HA antibodies and protein A-agarose (HA) or protein A-agarose
dies (subsequently detected with anti-mouse or -rabbit alkaline phosphatase-conjugate
-GFP P1b, P2 or P3 (panels a, c and e, respectively) or co-transfected with one of these
Hoechst 33324. The cells were examined by ﬂuorescence microscopy at 24 hours post-
224 J.D. Matthews et al. / Virology 406 (2010) 212–227colchicine or vinblastine because of the length of time required for the
assay and the inherent toxicity of the drug. Given the low frequency of
stable genetic transfer, it is unlikely that inhibition of transfer due to
disruption of P150 ﬁbers led to the ~20% reduction in virus titers
observed in RUBV-infected cells treated with microtubule depoly-
merizing agents from 24 to 48 hpi.
The second strategy used to determine the role of P150 ﬁbers
in virus replication was to make mutations designed to disrupt
the ﬁbers. To this end, proline residues were introduced into predicted
α-helices within the regions of the N- and C-termini of P150 that were
previously shown to be required for ﬁber formation (Matthews et al.,
2009). The disruption ofﬁber formation by themutagenesis of the three
predicted α-helices, one that is within the N-terminal domain (aa 36–
49; mutants P1a and P1b) and two that are within the C-terminal
domain of P150 (aa 1152–1166 and 1184–1202; mutants P2 and P3,Fig. 7. Cellular projections induced by RUBV infection and cell-to-cell spread assays. (A) Vero
processed for ﬂuorescence microscopy at 48 h post-infection. P150 is green due to the GFP ta
TRITC-conjugate antibodies (blue). Yellow arrows point to an apparent contact between a ce
transfected with RUBrep/GFP, a replicon expressing GFP from the subgenomic promoter, we
image micrograph shows the presence of green cells, red cells, and cells with both red and
transfected Vero cells harboring either the rIN-IN or r925-IN replicons were seeded 1:1 wi
hygromycin B was added and then changed every 3 days for 1 month. After drug selection
ﬂuorescence micrograph of a representative colony clonally expanded following dual drug s
GFP, green; merge). (E) Images of a representative colony clonally expanded following du
dsRNA antibody and anti-mouse cascade blue-conjugate. The larger images are themerge, wh
red is RFP. For all images, the white bars represent 10 μm.respectively), showed that these domains were critical to ﬁber
assembly. While these data suggest a head-to-tail interaction, the
ability of wild-type P150 to rescue ﬁber formation by P150 bearing each
of these three mutations indicated that ﬁber assembly was more
complicated, likely involving protein arrays of P150. The ﬁbersmay also
have a membranous content as the only electron microscopic
examination of cells with P150 ﬁbers described long membranous
structures within the cell (Kujala et al., 1999). However, plasmid
expressed P150 largely (60%) partitions into the cytoplasmic fraction of
ﬂotation gradients and detergent extraction does not disrupt ﬁbers
(Matthews et al., 2009), emphasizing the importanceof protein–protein
interactions in ﬁber structure.
All of the P mutants eliminated infectivity when introduced into a
RUBV infectious cDNA clone. It was found that all three mutations had
pleiotropic deleterious effects other than on ﬁber formation and thuscells were infected by Robo502/P150-GFP at a multiplicity of infection of 1 pfu/cell and
g and replication complexes (RCs) were stained withmouse anti-dsRNA and anti-mouse
llular projection from an infected cell and a neighboring uninfected cell. (B) C-Vero cells
re co-cultured with RFP Vero cells for 3 days. A lowmagniﬁcation ﬂuorescence merged-
green (images with individual green and red signals are shown as insets). (C) Stably
th RFP-Vero cells and after 3 days of co-culture, DMEM supplemented with G418 and
, dual drug-resistant colonies were stained with crystal violet. (D) Low magniﬁcation
election of a co-culture of IN-IN and RFP-Vero cells (images from left to right: RFP, red;
al drug selection of a co-culture of IN-IN and RFP-Vero cells after staining with mouse
ile the smaller images show the separate channels; blue shows dsRNA, green is GFP and
Fig. 7 (continued).
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infectivity. Speciﬁcally, P2 and P3 abrogated processing of the P200
precursor, which was not surprising considering that both of these
mutations lie within the NS protease domain. Unexpectedly, however,
the P1 mutations substantially decreased P200 processing despite
their location at the other end of P150 from the NS protease domain.
The P1mutations also had an effect on targeting as plasmid-expressed
P200 had a nonspeciﬁc cytoplasmic localization in contrast to
uncleavable P200 (which forms scattered cytoplasmic foci) or
cleavable P200 (which forms ﬁbers). It has been proposed for the
alphaviruses, the other genus in the Togavirus family, that acquisition
of the “correct” conformation by the nonstructural protein precursor
prior to processing is necessary for proper targeting of the replicase
components (in contrast to RUBV, alphaviruses produce four
nonstructural replicase proteins, nsP1–nsP4) (Salonen et al., 2003).
Therefore, we hypothesize that the N-terminal α-helix in P150 is
essential for acquisition of the “correct” conformation by P200 which
is in turn necessary for both intracellular targeting and efﬁcient
processing. In the alphaviruses, it has been shown that nsP1 at the N-
terminus of the nonstructural precursor forms an interaction with
nsP4, the RDRP at the C-terminus of the precursor. Hence, it is possible
that the N-terminal α-helix in P150 interacts with P90. It is
noteworthy that such an interaction with both viruses would bring
the methyl/guanylyl transferase functional in capping the positive
strand RNAs in close proximity with the RDRP.Given the importance of the N-terminal α-helix in ﬁber formation,
alanine scanning mutagenesis was employed to reveal critical
residues and to putatively create softer mutations useful in teasing
out the role of ﬁbers in RUBV replication. The results were that E36A
and I49A, located at either end of the α-helix, shared a phenotype
with the P1 mutations, namely absence of ﬁber formation by
expressed P150 and P200, reduced efﬁciency of P200 processing and
aberrant targeting. Thus, these residues are critical to the diverse
functions of thisα-helix. None of the intermediatemutations between
these residues affected processing efﬁciency or ﬁber formation, with
the exception of K46A which inhibited ﬁber formation in plasmid-
expressed P150, but not P200. Additionally, two of these mutants,
T42A and Q45A, were viable. With the lack of correlation between
ﬁber formation and infectivity, themutagenic approach did not yield a
determination of whether ﬁbers were essential or nonessential for
RUBV replication.
In conclusion, the goal of this research was to discover the role of
the replicase ﬁbers in RUBV replication and it was found that they are
not necessary. However, the P150 ﬁbers appear to function in creating
novel cell-to-cell bridges for viral RNA transport between cells in the
absence of virus particles. While the domains and some of the aa
critical to forming ﬁbers were deﬁned, further work is necessary to
determine the characteristics of the cell-to-cell connections and the
mechanism of RNA transport. The importance of this pathway in
RUBV pathogenesis remains to be determined. Unexpectedly, it was
226 J.D. Matthews et al. / Virology 406 (2010) 212–227found that microtubules are not necessary for RUBV replication. An
additional byproduct of this research was the discovery of the α-helix
between aa 36 and 49 of P150 that function in targeting and
processing of P200, possibly through mediating proper conforma-
tional folding of P200. This conformation may be achieved by an
interaction between P150 and P90. This discovery has opened new
avenues to further understanding the functional domains of P200 and
its ability to modulate those functions within itself and after cleavage.
Materials and methods
Cells, viruses, replicons, chemicals, antibodies and stains
A continuous line of African greenmonkey kidney cells (Vero) was
used in these experiments.ModiﬁedVero cell lines employed included
C-Vero, which constitutively expresses aa 1–277 of the RUBV capsid
protein (Tzeng et al., 2006) and two replicon stable lines, IN-IN and
925-IN (Fontana et al., 2007). The cells in the replicon stable lines
uniformly harbor a RUBV replicon which expresses a reporter gene
[GFP (rIN-IN) or a C-GFP fusion protein (r925-IN)] and a neomycin
resistance gene. All of these cell lines were maintained in D-MEM
(Cellgro) with 5% fetal bovine serum in a humidiﬁed environment of
5% CO2 at 35 °C. The replicon stable cell lines were additionally
maintained in the presence of G418 (1 mg/ml). Robo502/P150-HA,
described in (Matthews et al., 2009) as Robo502-HA, which expresses
a P150 tagged at the upstream NotI site with an HA epitope, and
Robo502/P150-GFP, which expresses a P150 tagged at the down-
stream NotI site with GFP, were the viruses used for experimentation.
Infections were done using a multiplicity of infection of 1 pfu/cell and
virus titers were determined by plaque assay as described in
(Pugachev et al., 2000). In vitro transcription from infectious cDNA
constructs and transfections with these transcripts were done as
previously described (Tzeng et al., 2006). Colchicine, rabbit anti-α-
and γ-tubulin antibodies, and TRITC-conjugated goat anti-rabbit IgG
antibodieswere obtained from Sigma. Themouse dsRNA antibodywas
obtained from Scientiﬁc Consulting. Lipofectamine 2000, Opti-MEM,
Cascade blue-conjugated goat anti-mouse-IgG antibody and Hoechst
33342 stain were obtained from Invitrogen. The rabbit antibody
against vimentinwas obtained from Sigma. The vinblastine, noscapine
and paclitaxel were a kind gift from Dr. Ritu Aneja.
Generation of a Vero cell line stably expressing RFP
Vero cells were co-transfected with plasmids (VR1012-DsRed and
pTK-Hyg) that directed constitutive expression of red ﬂuorescent
protein (RFP) and hygromycin B resistance, respectively. Following
transfection, the cells were maintained in D-MEM containing
hygromycin B (300 μg/ml) until drug-resistant cells were selected.
These cells were clonally expanded and further selected on the basis
of RFP expression.
Bioinformatics
Protein secondary structure prediction was carried out using the
GOR prediction method (Di Francesco et al., 1996; Garnier, 1990), the
software for which was provided on the internet by the ExPASy
Proteomics Server at http://www.expasy.ch/. The helical wheel
projections were created using wheel.pl software provided on the
internet by Don Armstrong and Raphael Zidovetzki at http://www.
rzlab.ucr.edu/scripts/wheel/wheel.cgi.
Plasmid construction
Detailed cloning strategies and primer sequences are available upon
request from the authors. The parent plasmid, CMV/P150-GFP,
expressed P150 tagged with GFP at the downstream NotI site. Proline-insertion mutagenesis was carried out using a three-round asymmetric
polymerase chain reaction (PCR) strategy described in (Chen and Frey,
1999). To this end, single proline residueswere inserted in P150 at three
different loci: between aa41 and42, 1157and1158, and1193 and1194,
creating the constructs CMV/P150-GFP-P1a, -P2 and -P3, respectively. A
double proline insertionmutant, CMV/P150-P1b,withprolines inserted
between aa 39 and 40 and aa 41 and 42 was also constructed. Using
convenient restriction sites, inserts containing each mutation were
excised from theP150constructs and introduced into the corresponding
sites in CMV/P200(P150-GFP), a plasmid expressing the P200 precur-
sor, and Robo502/P150-GFP. The same PCR strategy was used for
alanine scanning within the predictedα-helix between aa 36 and 49 of
P150. GCC was the codon used for alanine substitution and eight
mutations were made: E36A, etc. (see Fig. 5). These mutations were
transferred from the CMV/P150-GFP backbone to CMV/P200-GFP or
Robo502/P150-GFP using convenient restriction sites.
Microtubule disruption assays
For testing the effects of anti-microtubule drugs on P150 ﬁber
formation, Vero cells grown at low-density on coverslips were
transfected for 4 h with CMV/P150-GFP, at which point the reagent
was removed and replaced with D-MEM or D-MEM containing one of
the following: 1 μM colchicine, 1 μM vinblastine, 2.5 μM noscapine or
7 nM paclitaxel, the concentrations for which were determined based
on pilot experiments with different concentrations of drug on
different cultures with varying degrees of cell density, i.e. monolayer
or sparsely seeded on coverslips. From these studies, the most
effective dose, as determined by microtubule staining, high incidence
of metaphase cells (determined by Hoechst 33342 staining) and
rounded cell morphology with minimal cell death (less than 20%
ﬂoating dead cells) was used for each drug and corresponding
experiment. For testing the effects of these reagents on virus
replication, monolayers of Vero cells grown in 35-mm dishes were
infected with Robo502/P150-HA. At 4 and 24 h post-infection, the
media was removed and replaced with control medium or medium
containing colchicine (10 μM), vinblastine (10 μM), noscapine
(25 μM) or paclitaxel (70 nM). The medium was harvested at 24 h
after the start of drug treatment and the virus titers determined by
plaque assay.
Replicon cell-to-cell spread assays
To examine cell-to-cell transfer of the replicon, C-Vero cells at 35%
conﬂuence on coverslips were transfected with transcripts from the
replicon Rubrep/(sg)-GFP and at four hours post-transfection the
media was removed, the cells washed repeatedly with PBS, and then
brought to 70% conﬂuence by seeding with Vero-RFP cells. After 3 to
4 days of co-culture, the cells were ﬁxed and analyzed by ﬂuorescence
microscopy. To detect spread of genomic RNA followed by stable
maintenance in the recipient cells, IN-IN and 925-IN cells were each
seeded at 40% conﬂuence along with the same number of Vero-RFP
cells in 100-mm culture dishes. Control cultures contained only one of
each cell type. After 3 days the cultures were then split into two 150-
mmplates and culturedwithmedia containing G418 (1.5 mg/ml) and
hygromycin B (100 μg/ml). After complete cell death in the control
cultures (~3 weeks), the co-cultured cells were observed for colonies
over an additional 3 week period. In some experiments, colonies were
clonally expanded for examination for GFP and RFP expression using
ﬂuorescence microscopy. To count the number of colonies, other
plates were stained with 1% crystal violet in 10% formalin.
Immunoprecipitation and Western blotting
At 24 h post-transfection, Vero cells grown in 60-mm plates were
lysed in 0.6 ml of lysis buffer [phosphate-buffered saline (PBS) with
227J.D. Matthews et al. / Virology 406 (2010) 212–2271% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 1 mM CaCl2, 0.5 mM
MgCl2, and EDTA-free protease inhibitor cocktail (Roche)]. Insoluble
debris was removed by centrifugation at 16,000g. For immunopreci-
piation, 0.5 ml of supernatant was mixed with 2 μl of HA antibody or,
as a control, no antibody. The lysates were then incubated for 1 h at
room temperature before being mixed with 20 μl of protein A-agarose
beads (Roche) for an additional hour with mixing. The beads were
washed twice with lysis buffer and twice with wash buffer (PBS with
0.5% Triton X-100, 0.5% deoxycholate, 1 mM CaCl2 and 0.5 mMMgCl2)
before elution with 75 μl of 2× sample buffer (20 mM Tris, pH 6.8, 10%
glycerol, 2% SDS and 0.1% bromophenol blue) and boiling for twomin.
For Western blotting, 10–15 μl of cell lysate or immunoprecipitated
proteins were resolved by SDS-PAGE followed by transfer to
nitrocellulosemembranes and probedwithα-GFP or GU10 antibodies
(both raised in rabbits) and detection with alkaline phosphatase-
conjugated, goat anti-rabbit secondary antibodies (Promega) using
NBT/BCIP (Roche) as a substrate.
Fluorescence microscopy
Immunoﬂuorescence was conducted as previously described
(Matthews et al., 2009) with some modiﬁcations. Brieﬂy, Vero cells
were grown on glass coverslips until 20–30% conﬂuent and either
infected with RUBV or transfected with a plasmid or in vitro
transcripts. At the appropriate time, the cells were simultaneously
ﬁxed and permeabilized with ice-cold methanol. Antibodies were
diluted 1:1000 in phosphate-buffered saline (PBS) containing 2%
bovine serum albumin and each antibody incubation period was for
1 h at 25 °C. The coverslips were mounted on microscope slides and
viewed using a Zeiss epiﬂuorescence microscope equipped with an
AxioCam imaging system and integrated AxioVision software.
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